Gold nanorods ͑NRs͒ are nucleated by HgTe semiconductor nanoparticles. Growth of ϳ200 ϫ 50 nm 2 NRs directly on various surfaces is achieved by using an intermediary polyelectrolyte layer. X-ray photoelectron spectroscopy confirms the deposition of gold. An increase in the intensity of the Au NR plasmon resonance is observed with optical extinction spectroscopy. This seeding technique, amenable to many different surfaces, suggests a simple synthetic route to composite materials with interesting electronic and optical properties.
We demonstrate a general method to nucleate Au nanorods ͑NRs͒ using thioglycolic acid ͑TGA͒ capped HgTe nanoparticles ͑NPs͒ adsorbed to a polydimethyldiallyammonium ͑PDDA͒ chloride layer on a variety of surfaces including dielectric microspheres. In the last few years, several reports have discussed Au NR synthesis on surfaces. [1] [2] [3] Growth on surfaces has brought attention to the growth mechanism, and surface immobilization is required for many foreseeable optical applications. The longitudinal plasmon resonance of Au NRs is of particular interest because it is tunable, sensitive to its environment, and enhances near-field optical effects. Heterogeneous nucleation of Au NRs using nonmetallic seeds such as semiconductor quantum dots suggests the possibility of synthesizing composite nanomaterials with interesting optical and electronic properties. Mercury telluride nanoparticles have size tunable electronic states in the same spectral region as the longitudinal mode of the Au NR plasmon.
Transmission electron microscopy ͑TEM͒, scanning electron microscopy ͑SEM͒, atomic force microscopy ͑AFM͒, visible and near infrared extinction spectroscopies, energy dispersive atomic x-ray spectroscopy ͑EDX͒, and x-ray photoelectron spectroscopy ͑XPS͒ are used to characterize the samples. TEM is performed with a JEOL ͑JEM 100 CX II͒ at 100 kV and SEM with a JEOL ͑JXM 6400͒ at 30 kV. AFM results are from a Digital Instruments Nanoscope IIIa. The extinction spectroscopy experiments are carried out using a Varian Cary 5. EDX measurements are from an Evex Analytical System. Finally, XPS measurements are performed with a Mg anode and a PHI double-pass cylindrical mirror analyzer with a pass energy of 50 eV. Hydrogen tetrachloroauric acid, cetyl trimethyl ammonium bromide ͑CTAB͒, ascorbic acid, polydimethyldiallyammonium ͑PDDA͒ chloride, and silver nitrate were from SigmaAldrich. Aqueous TGA capped HgTe NPs were synthesized as described by Rogach et al. 4 18 M⍀ water ͑Labconco Water Pro Plus͒ was used.
The procedure for growing Au NRs from HgTe NPs bound to surfaces is depicted in Figs. 1͑a͒-1͑c͒ . First, the surface is dipped in an aqueous solution of 0.5% PDDA for ϳ30 min ͓Fig. 1͑a͔͒. After washing with de-ionized water, the substrate is dipped in an aqueous solution of TGA capped HgTe NPs for ϳ5-10 s ͓Fig. 1͑b͔͒. 5, 6 The concentration of seeds on the surface is kept low, approximately 20-200 NPs/ m 2 , to enable the growth of well separated Au rods. The negatively charged carboxylate group of the HgTe NP capping agent is electrostatically bound to the quaternary amines of PDDA. 5 After washing with de-ionized water, the substrates are immersed in a gold growth solution of 1. seed and rod are not to scale in Fig. 1͑c͒ ; the diameter of the HgTe seed is actually about one-tenth the width of the rod. A TEM image of two resulting particles, a NR and a NP, is given in Fig. 1͑d͒ . The typical NRs observed have sharp tips. This is a desirable shape for greater electric field enhancement.
As control experiments, clean glass substrates, PDDA coated glass slides, and PDDA coated silica microspheres of ϳ500 m diameter are exposed to the gold growth solution. No change of color is observed on the sample or in the solution during 45 min of exposure. Further examination of the initially PDDA coated samples with SEM and absorption spectroscopy does not show growth of gold particles on the surface. Also no color change is observed in 45 min when PDDA or the sodium salt of 2-thiobenzoic acid ͑sodium mercaptobenzoate͒ is added separately or together with the gold growth solution. So, in the absence of HgTe seeds, bare substrates, PDDA, and water soluble thiol-containing species such as TGA do not induce nucleation of nanoparticulate Au 0 . Figure 2͑a͒ is a SEM image of a sample made with a low density of HgTe NPs bound to the surface of a silica microsphere, and EDX confirms the presence of Au, Hg, and Te. Figure 2͑b͒ shows SEM results of a sample grown on mica, and Fig. 2͑c͒ shows AFM results on glass. The particle shapes and sizes are similar to reports of Au NRs nucleated on surfaces using Au NPs. 3 Using TEM and SEM, measured NR lengths are 235± 90 nm, widths are 50± 20 nm, and aspect ratios ͑length/width͒ are 4.7± 2.3. AFM measurements yield lengths of 153± 43 nm, widths of 70± 11 nm, and heights of 36± 6 nm, with aspect ratios ͑length/height͒ of 4.3± 1.3, as seen in the trace from Fig. 2͑c͒ . Figure 3 shows the evolution of the visible and near infrared extinction spectra of samples grown on glass substrates. The samples are prepared by removing the substrates from the Au growth solution at various times, rinsing with water, and drying in air. The spectrum of the unseeded PDDA sample treated with Au growth solution confirms that Au NR nucleation does not occur without HgTe NPs. An increase in the intensity of the plasmon bands of Au NRs and NPs is observed as the reaction proceeds. The feature at 540 nm is from the transverse plasmon mode of Au NRs and the plasmon of isotropic Au NPs. The extinction at longer wavelengths is from the longitudinal modes of rods and multipole coupling between particles. A pronounced peak from a longitudinal mode is not observed in the spectral range up to 800 nm. However, the spectra of Fig. 3 are comparable to Au NRs seeded directly on surfaces using Au NPs. 2 As the growth progresses, Au particles form a dense surface coverage and the longitudinal plasmon is broadened and redshifted by multipole coupling between particles. Variability in the particle density and fractional yield of NRs/NPs can explain the different background intensities in the various extinction spectra.
Additional evidence that Au NRs are nucleated by HgTe NPs is provided by XPS. Figure 4͑a͒ shows the increase in the Au 4f spin-orbit doublet at binding energies of 83 and 87 eV as a function of reaction time for a sample prepared on a glass substrate; the signal from the Hg 4f spin-orbit doublet at 104 and 100 eV is unfortunately overlapped by a large Si 2p signal at 103 eV due to the glass substrate. In  Fig. 4͑b͒ , the intensity of the Te 3d 5/2 peak ͑which overlaps the less intense Hg 4p 3/2 peak͒ is given at a larger scale, as evident from the noise. The ratio of the Te to Si peaks remains constant, and the ratio of Au to Si peaks grows with time. The relatively low Au/ Te ratio ͑below 10͒ suggests that not all the seeds are contributing to the nucleation of gold. However, the XPS results indicate growth of Au, while there is very little change in the signals from the substrate ͑Si͒ and the HgTe NPs. The Au NR nucleation and growth mechanism is still a subject under intense investigation. 7, 8 Typically, small ͑ϳ3 nm diameter͒ Au NPs are used as seeds. Many reports suggest that before anisotropic growth begins, the seeds grow to form multifaceted Au particles of approximately 20 nm in diameter 9, 10 and that the transition to rod growth is aided by the presence of crystal defects such as twinning planes. 10, 11 An arbitrary nucleation seed such as HgTe will result in more elastic strain and crystal defects in the first few layers of Au atoms than a Au seed. HgTe and Au have lattice constants of 0.65 and 0.41 nm, respectively. The lattice mismatch of HgTe and Au may explain the greater ratio of NRs to isotropic particles when these results are compared to other work. Based on SEM and TEM images of different substrates, 30% ± 8% of the particles using HgTe seeds are rod shaped ͑aspect ratioϾ 2͒, in comparison to 15% or less in other work that uses Au seeds. 2, 3 Lattice mismatch between the seed and gold also thermodynamically favors the seed to be located on an outer surface of the Au NR to reduce the area of contact and minimize strain. Furthermore the strained boundary is a site of favorable addition of Au during growth.
In the evolving model of colloidal Au NR growth, CTAB binds selectively to Au faces, especially the otherwise unstable ͑110͒ surface. 7, 12 The surfactant CTAB forms an interdigitated bilayer that retards diffusion of solvated Au species to the bound faces of the NR. Bromide ions and water bridge the NR surface to the quaternary amines of CTA + . 12 The intermediate PDDA layer used to immobilize the HgTe NPs also contains positively charged quaternary amines. Unlike previous substrates used in surface bound nucleation of Au NRs, the quaternary amines of PDDA compete with CTA + for the Br − ions around the Au surface. As a result, strong binding of Au NRs to PDDA stabilizes the final pattern of the ensemble; the surfaces maintain their color when they are sonicated after the growth of Au. This is a desirable result for applications that require an enduring NR configuration, such as on microsphere resonators.
In conclusion, the synthesis of Au NRs using HgTe NPs as nucleation seeds is demonstrated. A versatile quaternary amine-containing polymer, PDDA, is used to attach the seeds and immobilize the resulting NRs to various surfaces. Samples are characterized with SEM, EDX, TEM, AFM, XPS, and extinction spectroscopy. Rods with aspect ratios in the range of 2-7 are obtained. Heterogeneous nucleation of Au NRs with semiconductor NPs will help elucidate the mechanism of surfactant-aided and seed-induced NR synthesis, and suggests a straightforward bench-top procedure to synthesize nanoscale composites.
